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1. Abstract
The purpose of this capstone is to determine if a door frame mounted electromagnetic
lock can be designed in such a way to incorporate the advantages of both electromechanical
locks and maglocks while mitigating most of the disadvantages of each. This is attempted by
using a permanent magnet to maintain the locked state and disengaging the lock with an
opposing electromagnet. After three prototypes, a successful design was achieved; albeit, it could
benefit significantly from custom, complementary sized and manufactured magnets rather than
the mismatched sizes used to inform this capstone’s analysis. This capstone utilizes quantitative
analysis to make qualitative conclusions and does not intend to assert a high level of accuracy of
specific numerical values but to speak to the viability of the concept in general. The conclusions
of this capstone are that the new design does provide most of the advantages of both electric lock
types without the major disadvantages. The proof of concept was successful, but that does not
mean the new design is one to replace all others but rather to fill in the absence that currently
exists in the locking system tool set.

2. Introduction
Electric door locks are becoming a common alternative to mechanical locks in a range of
applications (Gillespie). Instead of requiring direct, manual input to latch or bolt a lock through a
series of moving parts, electric locks utilize electromagnetism, the phenomenon of the duality of
electric and magnetic fields that allows for one to influence the other (Halliday), to command the
movement or immobilization of magnetic parts to secure a door. There are two main categories
of these types of locking systems: electromechanical locks and maglocks (Miehl).
Electromechanical locks utilize electromagnetism to affect mechanism chains to engage
and disengage the lock. This is accomplished primarily through a solenoid-rod-spring
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arrangement in which a ferrous rod is axially aligned with and, at least partially, within a
solenoid, a tightly wound coil of conducting wire, and either directly or indirectly attached to a
spring. The purpose of the spring is to reset the rod to its rest position. Once current is allowed to
flow through the solenoid, a magnetic field is induced which draws the rod inward (Miehl). If the
spring’s force on the locking mechanism is what maintains the locked position, and the solenoid
is used to simply resist the spring’s force and unlock the door, the lock arrangement is called fail
secure (Miehl). This means that in the event of a power failure, the lock will remain secure. One
example in which a fail secure lock would be useful is to secure vaults. If the activated solenoid
maintains the locked position, and the spring is used simply to retract the locking mechanism
when the solenoid is deactivated, the lock arrangement is called fail safe (Miehl). This means
that in the event of a power failure, the lock will disengage and be safe for egress. Fail safe locks
are required for emergency exits (Geringer).
Maglocks, on the other hand, are locking systems that require no moving parts and work
simply by creating a strong holding force, magnetic attraction, between an electrified
electromagnet and a ferrous armature plate (Miehl). Since the electromagnet needs to be active to
maintain the locked position, a power failure would result in a fail safe state. Common
applications of maglocks include cases of heavy use since mechanical lock alternatives wear out
significantly more quickly, harsh and moist environments since mechanical locks are more
susceptible to corrosion, low expertise since maglocks are often easier to install and maintain
than mechanical locks, and enhanced aesthetics since most maglocks are out of line of sight,
residing at the top of the door, a sought after setup for all-glass doors in particular. Drawbacks to
this design include the lock’s constant draw of electricity, aside from the momentary periods
when the lock is disengaged, and that without a backup power supply, which would be limited,
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maglocks cannot be fail secure (Miehl). A design that overcomes these limitations while
retaining the many advantages of the both electromechanical locks and maglocks would be an
ideal and novel locking system.
This capstone aims to discover if such an alternative is possible and, if so, practical. The
goal is to review current literature for background and inspiration, consider potential design
alternatives, calculate the mathematical feasibility of the alternatives, prototype top contenders,
improve designs, compare empirical data to the theoretical data, and ultimately draw conclusions
on the viability of such a locking system. This capstone is the first step in what will hopefully
become a successful and innovative tool with wide-reaching practical applications.

3. Concept of Operations
An optimal design for an electromagnetic lock would be one that incorporates the
advantages of both electromechanical locks and maglocks while attempting to mitigate the
disadvantages of each locking system. Electromechanical locks can be fail safe or fail secure,
allowing for a wide range of uses, but they must be exactly fitted for the door and frame, they are
susceptible to wear and corrosion, and they cannot be used with all-glass doors as they are too
bulky for the thin doors as well as they contradict the uncluttered appearance that the
increasingly more popular all-glass door design boasts. Maglocks can be fitted to virtually any
door and frame; with no moving parts, they are far less susceptible to wear and corrosion than
electromechanical locks as well as easier to install and maintain; they can be unlocked
instantaneously, allowing quicker thru-traffic; and they can be located at the top of the door and
frame, out of line of sight, providing a more aesthetic appearance. The disadvantages of
maglocks, however, include the requirement for a nearly continuous draw of power and the
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consequence that maglocks are strictly fail safe. In reflection, the primary advantage of
electromechanical locks is the option for either fail safe or fail secure, and the primary
disadvantages of maglocks are that they can only be fail safe and require nearly constant power.
It follows then that a locking system to fill this gap would be one that has the benefits of a
maglock, is fail secure, and does not require continued energy consumption.
To accomplish this, instead of a continuously electrified electromagnet producing the
strong magnetic attraction, a permanent magnet would be required. A permanent magnet does
not rely on electricity to maintain a magnetic field, but instead the magnetic field is inherent to
the permanent magnet. Furthermore, as the name suggests, permanent magnets cannot be readily
deactivated. In many cases this can be a disadvantage due to the damage that strong permanent
magnets can cause to various electronic devices as well as to the individuals directly handling
them. This is also a valid concern to be mindful of in the design of a permanent magnet maglock,
herein referred to as a PerMagLock or PML. The harm the PerMagLock could potentially cause
to electronic devices could be mitigated by installing the PML out of reach at the top of the door
and frame. Since there is a slightly higher risk in handling the PML, the installation process
would require more care. As with all strong permanent magnets, the transportation of PMLs
would also require additional caution.
The strength of a magnet’s magnetic field is called magnetic flux density. This
measurement is constant for a magnet under constant temperature and pressure conditions.
Magnetic flux density is solely a property of the magnet itself and does not inform on how the
magnet will interact with other materials. For the purposes of this capstone, the “strength” of the
PML that is most useful to consider is the pull force or holding force, the maximum amount of
force a magnet can withstand before separating from the surface it is in contact with. This metric
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is dependent upon the magnetic flux of the magnet, the size of the magnet including its contact
surface area, the distance between the magnet and the material pairing with the magnet, the
magnetic properties of the paired material, and the thickness of the paired material. These factors
can be altered to produce the desired holding strength, the maximum force the locked PML can
withstand before the seal is overcome and the door is forced open.
The optimal holding force of a maglock is determined by the demand for security as well
as the sturdiness of the door and frame themselves. For instance, to protect confidential
information or valuable assets, a strong magnetic holding force of 13,500 Newtons
(approximately 3,000 pounds) may be desired; however, the strength of the maglock is of no
consequence if the door and frame housing the strong maglock are not sturdy enough to handle a
13,500 N load. For less sturdy doors and frames like the ones in malls that are made of glass or
of hollow wood or metal, which primarily serve to deter low effort trespassing, a pull force of
2,700 N (approximately 600 lb) is sufficient.
Since the PerMagLock will utilize a permanent magnet, it will not be able to simply be
deactivated to unlock a door. One potential method to counter the strong magnetic attraction
between the permanent magnet mounted on the frame and the ferrous plate mounted on the door
would be to replace the ferrous plate with an electromagnet with, theoretically, at least the same
strength but in the opposing direction. This would require energy to operate the electromagnet
but, in this case, only momentarily while the door is being unlocked. To determine if the amount
of power required to counter the permanent magnet is reasonable and indicative of a design
worth pursuing, first the power requirements for traditional maglocks will be considered.
To determine a theoretical approximation of the power required to produce the necessary
holding force of 13,500 N for a high security lock, first the corresponding magnetic flux density
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and electrical current need to be calculated. Given the desired holding force, 𝐹, an assumed
contact surface area, 𝑆, of 0.016 m2 (approximately 25 in2), and the constant 𝜇0 , the permeability
of free space, of 4π·10-7 𝐻⁄𝑚, the corresponding magnetic flux density, 𝐵, can be determined
with Equation 3.1.
𝐹=

𝐵2 𝑆
2𝜇0

Equation 3.1

With the magnetic flux density, 𝐵, of 1.45 Tesla, the constant 𝜇0 , the relative permeability, 𝜇𝜏 ,
of steel of 3,000, the assumed effective coil height, 𝑙, of 0.05 m (approximately 2 in), and the
assumed number of coil turns, 𝑁, of 200, the corresponding electric current, 𝐼, required can be
determined with Equation 3.2.
𝐵=

𝜇0 𝜇𝜏 𝐼𝑁
𝑙

Equation 3.2

Now the required power can finally be calculated. With the determined current, 𝐼, of 96.5 mA,
and the assumed voltage, 𝑉, of 24 V, the required power can be determined with Equation 3.3.
𝑃 = 𝑉𝐼

Equation 3.3

The same steps can be taken to calculate an approximation of the power required to produce the
2,700 N holding force for a low security lock. The values for both cases are listed in Table 3.1 on
the next page.
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Table 3.1 Electromagnet Design Parameters
Holding Force,
𝐹 (N)
Surface Contact
Area, 𝑆 (m2)
Permeability of Free
Space, 𝜇0 (H/m)
Magnetic Flux
Density, 𝐵 (T)

13,500

2,700

0.016

0.01

1.26E-06
1.456219 0.823762

Relative
Permeability, 𝜇𝜏
Effective Solenoid
Length, 𝑙 (m)
Number of Turns, 𝑁
Current, 𝐼 (A)
Voltage, 𝑉 (V)
Power, 𝑃𝑇 (W)

3000
0.05

0.025

200

100

0.096569 0.054627
24
2.317645 1.311058

The dimensional values for the 2,700 N holding force case are less than those of the 13,500 N
case because, despite it being possible to use the same maglock but with less current to achieve a
lesser holding force, it is more efficient and cost effective to minimize materials used.
Theoretical, expected values are helpful to generally inform on the types and quantities of
materials to use in a design, but the theoretical calculations are idealized and are seldom exactly
the same as experimentally tested values. This is illustrated in Table 3.2, on the next page, by
comparing the expected power and experimental power for the two cases.
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Table 3.2 Theoretical vs. Experimental Power Requirements
Holding Force, 𝐹 (N)
Theoretical Required Power, 𝑃𝑇 (W)

13,500

2,700

2.317645 1.311058

Actual Power Consumed, 𝑃𝐸 (W)

5.13

4.34

Scale Factor, 𝑃𝐸 ⁄𝑃𝑇

2.21

3.37

The differences between the expected and experimental values stem from several factors,
including the fact that generalized dimensional and material property values were used in the
theoretical calculations and that the actual maglocks are likely not manufactured with perfect
precision which leads to additional energy loss from the system in the form of heat.

4. Design Process
It was the initial assumption of this capstone that as long as the electromagnet paired with
the permanent magnet in the PerMagLock was approximately as strong, provided some room for
error, but in the opposite direction as the permanent magnet, then the two magnets would be free
to separate. This was an invalid assumption or at least too general. This became clear after
several prototypes. The first prototype was built entirely by hand. The first step was to select an
appropriate gauge wire. With a good balance of low resistance and high malleability, 20 AWG
wire was selected. Next, a ferrous core was fashioned to wind the wire around. Due to limited
material availability, the ferrous core was created from resized, steel elbow brackets placed back
to back longwise, resulting in an approximately 75 mm long by 38 mm wide by 19 mm tall
(3 x 1.5 x 0.75 in) frame. The coil was then wound around the steel core with 100 turns. A power
source of 12 VDC and 500 mA was connected, but there was no noticeable magnetic interaction
between the electromagnet and a complementarily sized neodymium magnet. It was concluded
Permanent Magnet Locking System: A Fail-Secure Alternative
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that the loose-fitting coil and nonuniform steel core were inadequate to create a strong enough
magnetic field. The second PerMagLock prototype was a commercial maglock that was rewired
to only produce a magnetic field momentarily upon the press of a button to negate the attraction
to a neodymium magnet it was in contact with. Magnetic interaction was evident in this
prototype, but the field lines of the maglock were not all in the same direction or in a clear
pattern. This resulted in insufficient opposing magnetic fields to counter the attraction.
The third prototype incorporated the lessons learned from the first two prototypes: use a
pre-made maglock to ensure the electromagnet functions properly, select a cylindrical maglock
to ensure a known and uniform direction of the produced magnetic field, and pair the permanent
magnet with a significantly stronger electromagnet. The combination of these three strategies
yielded success. With a holding force of approximately 30 N (or 7 lb), the resulting PerMagLock
was not a particularly secure lock by any means, and even so it still required approximately 5 W
of power to activate the electromagnet to counter the attraction, but it was a successful proof that
such an alternative is possible (see Figures 9.1 and 9.2). The true viability of the concept depends
on how the energy draw compares between the continuous use of moderately strong
electromagnets with the short bursts of the significantly stronger electromagnets that would be
required to counter the 13,500 N and 2,700 N permanent magnet holding forces. It is likely that a
better combination and orientation of the electromagnet and permanent magnet is achievable that
would significantly improve the efficiency of the PerMagLock; in fact, that will be the follow up
project to this capstone.
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5. Analysis
Due to the time and resource constraints on this capstone, the comparison between the
energy consumption for maglocks and for PerMagLocks will be founded on broad assumptions.
As a consequence, the true value of the comparison is to provide a general idea of the viability of
the PML alternative versus existing maglocks, not to yield exact measurements. Firstly, it will be
assumed that the actual power requirement is three times the theoretical power requirement as
was roughly the case for the high and low security maglocks analyzed in Section 3 (see Table
3.2). Secondly, it will be assumed that the holding force of the electromagnet in the PML must
be twenty-seven times the holding force of the PML’s permanent magnet as was the case for the
third prototype. This is a drastic assumption that could likely be made significantly more
reasonable with additional research and experimentation put into the design of the PML, but for
this capstone a factor of twenty-seven is what was experimentally determined and will be the
data point of analysis. The third assumption is that the maglocks in question will be continuously
drawing energy except for five second intervals during disengagement, and that the
PerMagLocks will draw no energy except in five second intervals during disengagement. Under
these assumptions, a PML rated for a 13,500 N holding force would call for a twenty-seven times
stronger electromagnet, 364,500 N of holding force. Furthermore, an electromagnet that could
produce such a force would, through extrapolation, theoretically require 11.56 W of power. The
actual power consumption would then be expected to be three times higher, 34.66 W. Through
the same steps, a PML rated for 2,700 N of holding force would, under the aforementioned
assumptions, require 15.66 W of power.
These notational power requirement values for the PML’s 13,500 N and 2,700 N cases
were compared to the respective experimental power requirement values for the traditional
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maglock cases. To concisely show the correlation, a simple formula was implemented to
calculate the difference in energy consumption, in kWh, between the maglock alternative and the
PML alternative. This difference in energy consumed corresponds to energy savings. The
formula, Equation 5.1, accounts for energy saved by the PML, 𝐸𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑 , as a function of
operational time in hours, 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 , and the number of disengagements, 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠 .
𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑀𝑎𝑔𝑙𝑜𝑐𝑘 − 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑃𝑀𝐿
𝐸𝑛𝑒𝑟𝑔𝑦𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑃𝑜𝑤𝑒𝑟𝑚𝑎𝑔𝑙𝑜𝑐𝑘 ⋅ 𝑇𝑖𝑚𝑒𝑒𝑛𝑔𝑎𝑔𝑒𝑑 − 𝑃𝑜𝑤𝑒𝑟𝑃𝑀𝐿 ⋅ 𝑇𝑖𝑚𝑒𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑
𝐸𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑡𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑 ) − 𝑃𝑃𝑀𝐿 ⋅ 𝑡𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑
𝐸𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
Equation 5.1
− 𝑃𝑃𝑀𝐿 (𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )

The utility of Equation 5.1 is that for cases in which the energy consumption for the maglock is
greater than the energy consumption of the PML, the result is positive, showing net energy
savings, and when the energy consumption for the maglock is less than the energy consumption
of the PML, the result is negative, highlighting that the PML does not provided energy savings
for those cases. This indicates for which values of 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 and 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠 the PML is
more energy efficient than the maglock—the cases when the result, 𝐸𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑 , is positive. The
values on the next page in Table 5.1 were used to conduct this analysis.
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Table 5.1 Parameters for Analysis
Holding Force, 𝐹 (N)
Maglock
Experimental Power
Requirement,
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (kW)
PerMagLock
Notational Power
Requirement, 𝑃𝑃𝑀𝐿
(kW)
Operational Time,
𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 (hr)
Time Per
Disengagement,
𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 (hr)
Number of
Disengagements,
𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠

13,500

2,700

0.00513

0.00434

0.03466

0.01566

1 – 72 (3 days)

5/3600

5/3600

0 – 3500
(or full duration)

The range for the operational time spanned from 1 hour to 3 days. And the range for the number
of disengagements spanned from 0 to 3,500 or the maximum number of disengagements possible
per the operational time. To clarify, given that each disengagement lasts 5 seconds, for each 1
hour period, the maximum number of disengagements possible is 720, a full hour.

6. Results
The results of the analysis were conditionally formatted to map the numerical outputs to a
color scale, highlighting the trend of the difference in energy consumption, as it corresponds to
the ranged parameters 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 and 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠 . Within the color scale, brighter blue
tints indicate greater energy efficiency for the PML over the maglock, the brighter red tints
indicate greater energy efficiency for the maglock over the PML, and the faded diagonal line that
divides the two hues is where the energy consumption of the two alternatives approach equality.
Permanent Magnet Locking System: A Fail-Secure Alternative
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The greyed-out region at the top right of the graphs is where the time disengaged is greater than
the time period itself and thus is not reasonable to consider. The results for the 13,500 N holding
force case and the 2,700 N holding force case are summarized in Figure 6.1 and Figure 6.2,
respectively.
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Figure 6.1 Color Map of 𝑬𝒄𝒐𝒏𝒔𝒆𝒓𝒗𝒆𝒅 for 13,500 N Case
For the 13,500 𝑁 holding force case, the overall trend suggests that the fewer times the locks are
disengaged as well as the longer they are in operation, the more energy the PML saves relative to
the traditional maglock. On the other hand, it follows that the more times the locks are
disengaged as well as the less time they are in operation, the more energy the maglock saves
relative to the PML. This is reasonable as the PML only draws energy when being disengaged
and is unaffected by operational time whereas the maglock continuously draws energy except
when being disengaged and draws energy proportionally to the operational time. A summary of
Permanent Magnet Locking System: A Fail-Secure Alternative
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key data points for the 13,500 N case is presented in Table 6.1 to provide a numerical
visualization of the trends.
Table 6.1 Energy Savings, kWh, for 13,500 N Case
Operational
Time,
𝑡𝑜𝑝𝑒𝑟 (hr)

Number of Disengagements, 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠
0

5

360

720

1

0.005

0.005

-0.015

-0.035

4

0.021

0.02

6E-04

-0.019

-0.139

0.123

0.123

0.103

0.083

-0.036

-0.832

3.755

3.755

3.735

3.715

3.596

2.8

-25.37

44.97

44.97

44.95

44.93

44.81

44.01

15.84

-303.8

224.8

224.8

224.8

224.8

224.7

223.9

195.7

-124

24
(1 day)
732
(1 month)
8,766
(1 year)
43,830
(5 years)

2880

17280

5E+05

6E+06

3E+07

-1519

Table 6.1 shows the energy savings, in kWh, for the extremes of each alternative. The energy
savings of the PML over the maglock are greatest for the fewest disengagements and longest
operational time and the worst, strongly negative, for the greatest possible number of
disengagements per hour and the shortest operational time. Table 6.2 displays the same
information as costs with an assumed rate of 12 cents per kWh (Jiang).
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Table 6.2 Cost Savings, USD, for 13,500 N Case
Operational
Time,
𝑡𝑜𝑝𝑒𝑟 (hr)

Number of Disengagements, 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠
0

5

360

720

1

6E-04

6E-04

-0.002

-0.004

4

0.002

0.002

8E-05

-0.002

-0.017

0.015

0.015

0.012

0.01

-0.004

-0.1

0.451

0.451

0.448

0.446

0.432

0.336

-3.045

5.396

5.396

5.394

5.392

5.377

5.282

1.901

-36.46

26.98

26.98

26.98

26.98

26.96

26.87

23.49

-14.87

24
(1 day)
732
(1 month)
8,766
(1 year)
43,830
(5 years)

2880

17280

5E+05

6E+06

3E+07

-182.3

Table 6.2 reveals in a more relatable way that although the PML is more efficient for less
disengagements and longer durations of operation, it does not provide a significant advantage
over the maglock. For instance, after five years of use at its optimum number of disengagements,
zero, the PML only saves $27 relative to the maglock. For the optimum number of
disengagements for the maglock over a five-year period, continuously disengaged, the PML
would cost $182 more to use than it would cost to use the maglock.
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Figure 6.2 Color Map of 𝑬𝒄𝒐𝒏𝒔𝒆𝒓𝒗𝒆𝒅 for 2,700 N Case
For the 2,700 N holding force case, the overall trend suggests the same results as for the
13,500 N holding force case: the PML is more efficient for instances of fewer disengagements
and longer operational time while the maglock is more efficient for instances of more
disengagements and shorter operational time. Table 6.3 and Table 6.4 show the savings in terms
of energy, kWh, and cost, USD, respectively, for the 2,700 N holding force case.
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Table 6.3 Energy Savings, kWh, for 2,700 N Case
Operational
Time,
𝑡𝑜𝑝𝑒𝑟 (hr)

Number of Disengagements, 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠
0

5

360

720

1

0.004

0.004

-0.006

-0.016

4

0.017

0.017

0.007

-0.003

-0.063

0.104

0.104

0.094

0.084

0.024

-0.376

3.177

3.177

3.167

3.157

3.097

2.697

-11.46

38.04

38.04

38.03

38.02

37.96

37.56

23.4

-137.3

190.2

190.2

190.2

190.2

190.1

189.7

175.6

14.9

24
(1 day)
732
(1 month)
8,766
(1 year)
43,830
(5 years)

2880

17280

5E+05

6E+06

3E+07

-686.4

The results of Table 6.3 show the same trend as seen in Table 6.1, except that the magnitudes of
each value are less. This is because the difference between the power requirements for the
2,700 N case, 15.66 W−4.34 W, is less than the difference between the power requirements for
the 13,500 N case, 34.66 W−5.13 W. The two differences are not the same due to the fact that
the power requirements are not linearly correlated with the strength of the holding forces.
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Table 6.4 Cost Savings, USD, for 2,700 N Case
Operational
Time,
𝑡𝑜𝑝𝑒𝑟 (hr)

Number of Disengagements, 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠
0

5

360

720

1

5E-04

5E-04

-7E-04

-0.002

4

0.002

0.002

9E-04

-3E-04

-0.008

0.012

0.012

0.011

0.01

0.003

-0.045

0.381

0.381

0.38

0.379

0.372

0.324

-1.376

4.565

4.565

4.564

4.563

4.556

4.508

2.809

-16.47

22.83

22.83

22.83

22.82

22.82

22.77

21.07

1.788

24
(1 day)
732
(1 month)
8,766
(1 year)
43,830
(5 years)

2880

17280

5E+05

6E+06

3E+07

-82.37

Table 6.4 shows that for the smaller holding force case, 2,700 N, the difference between the two
extremes, for the range of the number of disengagements, is of a lesser magnitude than for the
13,500 N case; however, the worst case scenario, continuous disengagement, is still significantly
more negative than the best case scenario is positive.
Generalizing the results, the PML is more energy efficient for cases of few
disengagements as well as for cases of longer operational time, and the maglock is more energy
efficient for cases of many disengagements as well as for cases of shorter operational time. The
faded diagonal lines that divide the two hues in Figure 6.1 and Figure 6.2 highlight where the
PML and maglock consume equal amounts of energy. The slope of the lines corresponds with
the maximum number of disengagements per hour before the PML begins to be the less energy
efficient alternative. By slightly altering Equation 5.1 to be dependent on operational time and
the number of disengagements per hour instead of the number of disengagements in general and
by equating the two terms instead of subtracting them, the maximum number of disengagements
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per hour for which the PML remains more energy efficient can be calculated. This rate is specific
to each set of power requirements. That is to say that the power requirements for the maglock
and the PML for the 13,500 𝑁 case yield a different rate than the power requirements for the
maglock and the PML for the 2,700 𝑁 case. Equation 6.1 illustrates this formula.
𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑀𝑎𝑔𝑙𝑜𝑐𝑘 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑃𝑀𝐿
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑡𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑 ) = 𝑃𝑃𝑀𝐿 ⋅ 𝑡𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 ⋅ 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
= 𝑃𝑃𝑀𝐿 (𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 ⋅ 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 ⋅ 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 (1 − 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
= 𝑃𝑃𝑀𝐿 ⋅ 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 (𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (1 − 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
= 𝑃𝑃𝑀𝐿 (𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 )
1
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 ⋅ 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑚𝑛𝑡𝑠/ℎ𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 (
− 1)
𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑚𝑒𝑛𝑡𝑠/ℎ𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡
= 𝑃𝑃𝑀𝐿 ⋅ 𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡
1
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 (
− 1) = 𝑃𝑃𝑀𝐿
𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡
1
𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡

=

𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 =

𝑁𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑚𝑒𝑛𝑡𝑠/ℎ𝑜𝑢𝑟 =

𝑃𝑃𝑀𝐿
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘

+1

𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘
𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 + 𝑃𝑃𝑀𝐿

𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘
𝑡𝑝𝑒𝑟 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 (𝑃𝑚𝑎𝑔𝑙𝑜𝑐𝑘 + 𝑃𝑃𝑀𝐿 )
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From this formula, it can be determined that for the 13,500 N case, the PML is more energy
efficient for all instances of less than 93 disengagements per hour, and that for the 2,700 N case,
the PML is more energy efficient for all instances of less than 156 disengagements per hour.
That is equivalent to approximately 3 disengagements every two minutes and 5 disengagements
every two minutes, respectively.

7. Conclusion
Electric locks provide certain benefits over mechanical ones, such as in some cases easier
installation and maintenance, remote locking and unlocking, and increased range of application
from harsh environments to elegant all-glass doors. Of electric locks, there are two primary
categories, each with its own advantages and disadvantages: electromechanical and maglocks.
Key advantages of electromechanical locks is that they can be fail safe or fail secure and that
they do not constantly draw electricity. A disadvantage is that they are still susceptible to
mechanical wear and need to be specifically fitted for the doors and frames they are installed in.
Maglocks, on the other hand, are nearly insusceptible to wear and can be installed with ease to
practically any door; however, maglocks can only be fail safe and require a constant supply of
electricity to operate. Each with such valuable benefits, it would be optimal for there to exist a
design that incorporates advantages of each while also mitigating most of the drawbacks. It is the
goal of this capstone to perform preliminary research and analysis to determine if such an
alternative is viable.
The general concept for such a locking system includes utilizing a permanent magnet to
provide the holding force while in the locked position and utilizing an electromagnet in
opposition to the permanent magnet to unlock the door. This design is referred to by this
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capstone as a Permanent Magnet Lock or PerMagLock, PML, for short. The initial two
prototypes were unsuccessful but provided valuable lessons, ultimately leading to a successful,
third prototype. It consists of a 7 N holding force permanent magnet paired with a 800 N holding
force electromagnet. The difference between the two holding forces is significant and could
likely be significantly improved, but it is the relationship that is used to conduct the analysis for
this capstone. Any improvements to the design arrangement would only improve the overall
results.
Incorporating the relative holding force requirements and the calculated, adjusted values
for expected power requirements for traditional maglocks as well as the PML for both high and
low security cases, a multivariable color scale mapping was produced to show the trends of the
energy efficiency of the PML versus the maglock. The results are that for both the high and low
security cases, the PML alternative is more energy efficient than the maglock alternative when
there are few disengagements of the locks and when the operational time is relatively long. The
maglock is more energy efficient in the alternate ranges. The exact transition between which
alternative is more energy efficient is manifested as a rate of the number of disengagements per
hour and is dependent upon the power requirements of the alternatives. For the high security
case, the PML is more efficient than the maglock for all instances for which the locks are
disengaged 3 times or less every two minutes, and for the high security case, the PML is more
efficient than the maglock for all instances for which the locks are disengaged 5 times or less
every two minutes. However, analyzed for five-year period, the actual cost savings at best were
approximately $26. This amount is fairly insignificant, and, furthermore, is less than the
additional cost of an equivalently rated PML since it involves a more expensive electromagnet
with a greater holding force plus the extra cost for a strong permanent magnet.
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The positive note is that despite not being significantly more cost effective, PMLs are
comparable in cost and would be a viable alternative especially for the cases in which a fail
secure lock is what best suits the application. With a comparable combined upfront and operating
cost to maglocks, the same durability and maintainability, similar ease of installation, the same
capability for use with a wide range of doors and frames, fail safe operation, and noncontinuous
energy consumption, the PerMagLock is the affirmative answer to the initial question: “Can such
a lock exist with the advantages of electromechanical locks and maglocks and without most of
the disadvantages of the two?” With more research and experimentation, some adaptation of the
PML might someday be introduced into the market as a competitive locking system or for other
applications that would benefit from a solution to counteracting the attraction of strong
permanent magnets.
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9. Appendix

Figure 9.1

Figure 9.2

Figures 9.1 and 9.2 show the working prototype PerMagLock. The small silver disk is the
permanent magnet; the larger dark grey disk is a steel diaphragm that aids in the interaction of
the two magnets’ fields and the unlocking of the PML; the electromagnet is the barely visible
silver cylinder behind the steel diaphragm in Figure 9.2; and the silver button next to the door
handle is what activates the electromagnet and thus disengages the lock. The PML is positioned
at the bottom simply for the sake of stability as a result of a low center of mass.
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